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The Int ("integrase" of phage A) family of site-specific "recombinases" is characterized by the highly divergent primary amino acid sequences of its members and the absolute conservation ofonly three residues, His-396, Arg-399, and Tyr-433, among them (1) . Properties of three members of this family, Int of phage A, Cre of phage P1, and FLP of the yeast 2-,um circle, suggest that the strict invariance of this triad relates to the similarity in strand cleavage and exchange catalyzed by these proteins (2) (3) (4) . Both FLP and Int establish a transient covalent link between DNA and protein during recombination through a phosphotyrosine (5, 6) . Alterations of Tyr-343 (family position 433) of FLP have little effect on substrate recognition but abolish DNA cleavage and, consequently, recombination (7) . This result suggests that Tyr-343 is the residue involved in covalent attachment to DNA. The DNA-protein linkage in the Int reaction has now been mapped to the invariant tyrosine residue (6) . Unlike the FLP variants mutated at the Tyr-343 position, the variants at the His-305 position cleave the substrate normally but are blocked in the subsequent steps of strand exchange and reunion.
Does the FLP recombination reaction proceed by a concerted double-strand breaking and rejoining mechanism or by a sequential two-step mechanism in which single-strand scission and reunion take place? The latter mechanism would predict that a Holliday junction is a normal intermediate in the reaction. For both Int and Cre, strong evidence supports formation of the Holliday intermediate in recombination (8) (9) (10) . For FLP, which can cause both single-strand nicks and double-strand breaks in its DNA substrate in vitro (2, 11) , the relative preponderance of single-strand cuts suggests that the more likely mode of strand exchange involves single-chain breaking and resealing.
We 
MATERIALS AND METHODS
The
Step-Arrest Mutants of FLP. Variants of FLP protein mutated at His-305 or at Tyr-343 were obtained by sitedirected mutagenesis as described (7) . The mutant FLP genes were cloned in Escherichia coli plasmids and expressed from the phage A PR promoter.
Purification of FLP and FLP Variants. Partially purified proteins were obtained from E. coli strains expressing them by the procedure outlined by Prasad et al. (7) . The preparations used in these studies were 20-40% pure.
Generation of Synthetic FLP Site-Holliday Junctions. Holliday junctions were obtained from four DNA fragments derived from the A and B forms of the yeast 2-pum circle plasmid (12) , each of which includes the FLP recombination site. After denaturation and hybridization (13, 14) , the chi structures were separated from the parental fragments by repeated electrophoresis in low-geling agarose, were excised from the gels, and were recovered by adsorption to glass powder using the Geneclean kit (ref. 15 ; BiolOl, La Jolla, CA).
To selectively label one of the two possible chi structures, denaturation and hybridization were carried out with three unlabeled fragments and one fragment that was radioactively end-labeled on the top or the bottom strand.
Resolution of Holliday Junctions. The conditions were the same as those for in vitro recombination assays described previously (7), with 0.02-0.05 pmol of 32P-labeled chi structure per reaction. Approximately 0.2 pmol each of two unlabeled FLP substrates were also included in several of these reactions so that the extent of recombination could be monitored on agarose gels by ethidium bromide staining. Reactions were stopped by adding NaDodSO4 (0.2%). The samples [some of which were treated with proteinase K (1 mg/ml) for 1 hr at 37'C] were phenol/chloroform-extracted, and ethanol-precipitated prior to electrophoresis. For denaturing agarose gels, samples were made 0.25 M in NaOH and 10 mM in EDTA, and were run in E buffer (40 mM Tris HCl, pH 7.8/20 mM sodium acetate/2 mM EDTA).
Recombination Reactions. In vitro recombinations were carried out essentially as described by Prasad et al. (7) except that the reaction mixtures contained 25% (vol/vol) glycerol and were incubated for 10 min at 30°C.
Strand Cleavage on Linear Substrates. The reactions were done with 0.05-0.1 pmol of labeled DNA as described (7) . After incubation with FLP, samples were treated with proteinase K (1 mg/ml) for 1 hr at 37°C, phenol/chloroformextracted, and ethanol-precipitated. The DNA was dissolved in 15 ,ul of 80% formamide/10 mM NaOH/0.1% xylene cyanol/0.1% bromophenol blue, heated at 90°C for 3 min, and run on 10% denaturing polyacrylamide gels (19:1 crosslinking).
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Strand Cleavage on Circular Substrates. The conditions were essentially identical to those for linear substrates except that reactions were carried out in 50 bd with -1 pmol of unlabeled DNA. After incubation with FLP (10-20 molecules of FLP monomer per FLP site), the reaction mixtures were desalted on a spin-dialysis column (Sepharose CL-6B, Pharmacia) and treated with phage T4 polynucleotide kinase in the presence of [-32P ]ATP (>3000 Ci/mmol; 1 Ci = 37 GBq) to phosphorylate the 5' OH resulting from cleavage by FLP. The reaction was stopped by heating the samples at 650C for 5 min. After removal of unreacted ATP by spin-dialysis through Sepharose CL-6B, samples were digested with restriction enzymes that flank the FLP cleavage sites. Digests were heat-inactivated (650C, 10 min), freed of salt by spindialysis on Bio-Gel P-30 (Bio-Rad), and vacuum-dried. Dissolution of the samples and electrophoresis in denaturing polyacrylamide gels were as described for the linear substrates.
Electron Microscopy. DNA samples were prepared by the basic protein film procedure (16) and platinum-shadowed before examination by electron microscopy.
General Methods. Bacterial transformations, isolation of plasmid DNA, restriction enzyme digestions, and other miscellaneous methods followed published procedures (17) . Fig. 1B . A small amount ofradioactivity comigrated with the marker chi structure. The amount of this radiolabeled band increased proportionally as the extent of recombination rose. In this reaction system, the various possible recombinations can result in only four mature products, fragments I, II, III, and IV. However, there would be nine possible Holliday structures with differing arm lengths corresponding to self and nonself interactions between these four fragments. These additional chi structures or some other recombination intermediates could account for the extra bands seen in the vicinity ofthe reporter chi. However, all of the chi structures, except for chil and chi2, should be relatively unstable because of the freedom for uni-or bidirectional branch migration. We pooled the DNA from 10 reactions corresponding to lane 3 of obtain the Holliday junctions chil and chi2 (x1 and X2) (13) . The 1506-base-pair (bp) Ava I fragment (I) and the 912-bp HindIII fragment (IV) were derived from the A form of the yeast 2-imn circle; the 1287-bp (II) and the 1131-bp (III) Ava I-HindIII fragments were obtained from the B form (12) . Notice that fragments I and IV are the products of FLP-mediated recombination between fragments II and III. (B) Recombination reactions were carried out with 0.2 pmol each of fragments II and III end-labeled by the Klenow reaction in the presence of all four deoxynucleoside [a-32P]triphosphates. The samples were fractionated on 1.2% agarose gels. Lanes 1-4 correspond to 1, 2, 4, and 6 ,ul (10-20 monomers ofFLP per recombination site) ofprotein, respectively. The synthetic chi structures obtained from 32P-labeled fragments I-IV were run for reference. (C) Pooled DNA from 10 reactions corresponding to lane 3 in B was gel-fractionated, and the band that comigrated with the synthetic chi structure was excised, eluted in the presence of a 30-base synthetic oligodeoxynucleotide as carrier, and subjected to electron microscopy. The mottled background is due to the carrier oligodeoxynucleotide.
RESULTS

Formation of Holliday
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Biochemistry: Jayaram et al. (Fig. 1C) . Approximately 50-60% of the observed molecules accounted for chi structures; the remainder consisted of a mixture of linear structures, three-armed structures, and molecules that were difficult to interpret. Apparently, then, Holliday structures are indeed formed during normal FLP recombination, although their concentration does not exceed 1-2% of that of the recombinants.
Resolution (Fig. 2 A and B) .
Both chi] and chi2 were resolved with roughly equal facility in the parental or in the recombinant mode. Thus, Holliday structures generated from linear FLP substrates were symmetric in resolution.
Resolution of Holliday Junctions by
Step-Arrest Mutants of FLP. The strand-cleavage activity of FLP, even in the absence of the strand-joining function, should be sufficient to mediate resolution of a FLP site-Holliday structure. Thus, one would expect the Tyr-343-mutant FLP (7) (Fig. 2B) . These products were apparent on agarose gels only if the reaction mixtures were protease-treated preceding phenol extraction and gel fractionation. These results imply that strand cleavage within the chi structure by the His-305-mutant FLP resulted in nicked DNA molecules in which protein was covalently attached to the 3' end of the nick. Alkaline agarose electrophoresis (Fig. 2C ) revealed a labeled product that corresponded in size with the expected position of the nick (see also strand-nicking described later substrate labeled selectively at the 5' or 3' ends, the site of cleavage was the same as that for wild-type FLP, and the consequence of cleavage (as with wild-type FLP) was the generation of a 3' phosphate covalently linked to protein (Fig.  3 A and B) . With this linear substrate and the wild-type FLP protein, cleavage on the top strand was roughly double that on the bottom strand ( Fig. 3 A and B) . This slight asymmetry in cleavage was not significantly distorted for [Pro305]FLP or for [Leu305]FLP (Fig. 3 A and B) . The lack of pronounced cleavage asymmetry was not a consequence of the topology of the substrate used. In a circular substrate, the extent of top-and bottom-strand cleavage was nearly equal (Fig. 3C) (8) (9) (10) (19) (20) (21) .
The efficiency of Holliday junction resolution by FLP was not as high as that reported for Int (14) . In mixed reactions containing 32P-labeled chi structures and unlabeled linear FLP substrates, the relative levels of resolution and recombination were approximately 20-30% and 10-15%, respectively. Two possible reasons could account for this low efficiency of resolution. The repeated segments (599 bp; from the 2-,um circle plasmid) in the fragments used for the preparation of chi structures would permit a longer range for the branch migration of the cross than would be feasible in the sterically constrained state of normal recombination. Furthermore, the protein preparations used in recombination and resolution assays were only partially pure. The His-305-mutant FLP proteins were less effective in chi resolution than was wild-type FLP. This may have to do with purity of the mutant proteins, their relative binding affinities to chi structures, or the efficacy of proteinase K treatment required to reveal their resolution products.
A striking feature of Int-catalyzed recombination is the strict order in which bottom and top strands are exchanged. A plausible explanation for the polarity of strand exchange is the elaborate binding of Int and accessory proteins (IHF and Xis) to the phage recombination site (8) Fig. 4 can also account for the increased levels of the Holliday junctions seen with substrates containing symmetric spacers (23) . The favored conformation of this junction with its fourfold symmetry (compare the twofold symmetry of the junctions in Fig. 4 Fig. 3 ) of the FLP site is represented by the oval. The spacer symbol (....----) indicates its sequence asymmetry. In the initial synaptic complex (a), cleavage by FLP is equally likely on top or bottom strands (at sites marked "o"). Strand exchange and brand migration bring about a conformational C change (b and c) in the protein-DNA complex to render one pair of sites (eD) less susceptible for cleavage and exchange. Therefore, apparent asymmetry in strand Ax exchange could manifest if migration of the strand junction is biased toward one end of the spacer. The model arbitrarily depicts top-strand exchange as favor-°i ng resolution in the recombinant (d) mode and bottomstrand exchange as favoring resolution in the parental (a) mode. The conformation of the recombination intermediate for a symmetric spacer would stabilize it by rendering all four sites equally but poorly cutable. Possible modes of resolution could lead to recombinants, to parentals, and to Y structure.
the substrates is eliminated from exchange by nicking it with His-305-mutant FLP and blocking the 5'-OH of the nick by phosphorylation.
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